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A B S T R A C T
Cell mediated immunity of the honey bee (Apis mellifera) involves the activity of several hemocyte populations,
currently defined by morphological features and lectin binding characteristics. The objective of the present study
was to identify molecular markers capable of characterizing subsets of honey bee hemocytes. We developed and
employed monoclonal antibodies with restricted reactions to functionally distinct hemocyte subpopulations.
Melanizing cells, known as oenocytoids, were defined by an antibody to prophenoloxidase, aggregating cells
were identified by the expression of Hemolectin, and phagocytic cells were identified by a marker expressed on
granulocytes. We anticipate that this combination of antibodies not only allows for the detection of functionally
distinct hemocyte subtypes, but will help to further the exploration of hematopoietic compartments, as well as
reveal details of the honey bee cellular immune defense against parasites and microbes.
1. Introduction
The honey bee, Apis mellifera, is a social insect that lives in highly
structured colonies composed of three castes: the worker, the drone and
the queen. Its larval development consists of five stages (L1-L5), which,
depending on the cast, takes between 6 and 9 days. A. mellifera develops
with complete metamorphosis. The pupal stage begins when a cell is
capped by worker bees, and after 16–24 days an adult emerges from the
cell (Winston, 1991).
Similar to other social insects, the honey bee has both communal
barriers and individual protection against parasites and pathogenic
microbes (Evans et al., 2006). Hygienic behavior, including grooming
and hive fever, is a good example of communal defense (Alaux et al.,
2012; Evans and Spivak, 2010; Richard et al., 2008). The honey bee and
other social insects have fewer canonical immunity-related genes re-
lative to solitary insects, which may be a consequence of their
communal defense systems (Barribeau et al., 2015; Doublet et al.,
2017). Individual defense in the honey bee shares many similarities
with solitary insects, including a mechanical barrier (the cuticle), as
well as humoral and cell-mediated immune responses. Humoral im-
munity is manifested through the generation of antimicrobial peptides
(Cerenius and Söderhäll, 2011; Hoffmann et al., 1999; Hultmark, 2003;
Vilmos and Kurucz, 1998). Cell mediated responses, which are exerted
by blood cells known as hemocytes, involve phagocytosis of micro-
organisms, encapsulation of larger invaders, coagulation, clotting of the
hemolymph after wounding, and melanization of the cuticle at the site
of physical injury (Dudzic et al., 2015; Hoffmann et al., 1999; Honti
et al., 2014; Vilmos and Kurucz, 1998).
In the honey bee, hemocytes were characterized on the basis of their
morphological features, adherence, lectin binding properties, granu-
larity and movement (Supplementary Table 1), which led to uncertainty
within the field. For instance, based on morphological analyzes,
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including spreading and adherence of the cells, Negri et al. (2014)
described two hemocyte subpopulations in 5th stage larvae, which they
termed rounded cells, showing no locomotion (L5-1), and rounded-oval
cells, having extreme pseudopodia development during spreading (L5-
2). In newly emerged workers, the authors distinguished granular cells
showing extreme spreading behavior (W-1), rounded smooth mem-
braned cells without granules (W-2), as well as small rounded (W-3)
and spindle shaped (W-4) cells that flowed in suspension. On the other
hand, El-Mohandes et al. (2010) described prohemocytes, various
subtypes of plasmatocytes, granulocytes, coagulocytes and oenocytes
with immunohistochemical staining and morphological analysis.
Richardson et al. (2018) distinguished only two major populations in
larvae: granulocytes and rare larval hemocytes (presumably L5-2 in
Negri et al., 2014). In the adult, Richardson et al. (2018) distinguished
plasmatocytes and granulocytes. Additionally, using a combination of
microscopic and flow-cytometric studies, deGraaf et al. (2002) identi-
fied non-fluorescening prohemocytes, oenocytes and coagulocytes,
granulocytes with low fluorescent intensity, and two high fluorescent
intensity plasmatocyte populations among fluorescently labeled lectin-
binding hemocytes. With a similar approach, Marringa et al. (2014)
identified permeabilized cells, plasmatocytes and microparticles.
Due to the complexity of hemocyte typing in the honey bee, the
immunological compartments and mechanisms of cellular immunity
have not been explored in any detail. Therefore, the development of
standard reference markers is essential. Recently, Hemolectin was
found as a molecular marker (Gábor et al., 2017) for non-phagocytic
hemocytes, which are cells that show the characteristic morphological
features of plasmatocytes. This observation opened the way for the
development of hemocyte markers. Here we describe the identification
of additional immunological markers able to define hemocyte sub-
populations. We then use these markers to characterize hemocyte
subsets in the three honey bee castes, as well as during various cellular
immune reactions.
2. Materials and methods
2.1. Laboratory animals, collection of the hemocytes and the hemolymph
A. mellifera larvae and adults of the worker cast were collected from
an apiary in the Szeged-region (Hungary).
For the preparation of Drosophila hemocytes, larvae from the wild-
type w1118 and the prophenoloxidase deficient PPO1Δ,2Δ,31 triple mu-
tant stocks (Binggeli et al., 2014; Dudzic et al., 2015) of Drosophila
melanogaster were used. Flies were propagated at 25 °C in standard
Drosophila medium. For each sample, hemocytes of six larvae were
pooled and analyzed by indirect immunofluorescence as described for
honey bee hemocytes (Gábor et al., 2017).
2.2. Production and screening of monoclonal antibodies
Monoclonal antibodies (mAb) (Köhler and Milstein, 1975, 1976)
were raised against A. mellifera hemocytes as described previously for
Drosophila hemocytes (Cinege et al., 2019; Kurucz et al., 2003, 2007b;
Márkus et al., 2015) with slight modifications for A. mellifera blood cells
(Gábor et al., 2017). A previously described antibody, 4E1, to A. mel-
lifera Hemolectin (Gábor et al., 2017) was used as a standard reagent
against the plasmatocyte cell population.
2.3. Immunohistochemistry (IH) and indirect immunofluorescence (IIF)
Hybridoma culture supernatants were used throughout the experi-
ments as described previously (Gábor et al., 2017).
2.4. Phagocytosis, bacterial induction
The animals were injected with 50 μl fluorescein isothiocyanate
conjugated Gram negative Escherichia coli (SzMC 0582) (Szeged
Microbial Collection, University of Szeged, Hungary) (FITC-E. coli)
bacteria as described in Kurucz et al. (2007a). The phagocytosis was
scored as described previously (Gábor et al., 2017). A 1% suspension of
E. coli bacteria were injected into the abdomen of young adults, the
hemocytes were collected 45 min later and typed for the expression of
the antigens.
2.5. Western blot analysis
Western blot analysis of the proteins was carried out as described
previously (Gábor et al., 2017).
2.6. Statistical analysis
The measurement of the proportional changes between the blood
cell populations was compared between each developmental stage (L1,
L3, L5 larval stages, newly emerged and old adults) and castes (newly
emerged workers, newly emerged queens, newly emerged drones).
Significance was determined by unpaired Student's t-test. The groups
which are significantly different (p < 0.05) from each other are
marked with italic letters above the columns.
3. Results and discussion
To characterize honey bee hemocytes, we produced monoclonal
antibodies (mAbs) specific for molecular markers expressed by different
subpopulations. Antibodies that reacted with plasmatocytes (4E1, Fig. 1
a, b) or oenocytoids (2.28, Fig. 1 c, d), as well as an antibody that
reacted with both granulocytes and oenocytoids (4.70, Fig. 1 e, f), were
selected. The 4E1 antibody reacted with approximately 20% of the
spherical hemocytes and with the large adhered cells, the larval plas-
matocytes (termed as L5-2 by Negri et al., 2014) in the L5 develop-
mental stage (Fig. 1 a, a’). It also reacted with approximately 80% of the
circulating blood cells in adults, including the small spherical and oval
cells; the adult plasmatocytes (Fig. 1 b, b') (Gábor et al., 2017). In larvae
and adults, the 2.28 antibody reacted with an antigen expressed by
melanizing hemocytes known as oenocytoids (Fig. 1 c-d'). The 4.70
antibody defined an antigen expressed by all larval hemocytes (Fig. 1 e,
e’), as well as adult granulocytes and oenocytoids (Fig. 1 f, f’). This
expression pattern of the antigen, shared by both phagocytic and mel-
anizing cells, may suggest a common origin in the ontogeny of the
phagocytic and melanizing cells types, as found in Drosophila (Gold and
Brückner, 2015).
We then used the antibodies (4E1, 2.28 and 4.70) to investigate the
proportion of hemocytes belonging to the different subpopulations of
newly emerged queens and drones (Suppl. Fig. 1.). In both the queen
and the drone castes, plasmatocytes were the most abundant, re-
presented by small round 4E1 positive Hemolectin expressing cells.
Both oenocytoid (2.28 antibody) and granulocyte-oenocytoid (4.70
antibody) cells were present, and the hemocyte marker expression
pattern was similar in both castes. Moreover, we obtained similar re-
sults when studying the marker expression pattern of hemocytes from
adult workers.
Next, we employed the newly raised antibodies to explore the
proportional variation of blood cell subpopulations throughout devel-
opment in the different castes. To do this, we analyzed the composition
of the worker cast circulating hemocyte population during development
in L1, L3 and L5 larvae, newly emerged adults (NW) and older adults
(OW) (Fig. 1 g). We used individual samples to detect the plasmatocytes
by Hemolectin expression, oenocytoids by melanization, and the rest of
the blood cells were defined as granulocytes. The plasmatocyte ratio
increased slightly throughout larval development (12%–23%). In newly
emerged adults, their proportion increased sharply (77%), then di-
minished in older adults (51%). On the other hand, we found that the
proportion of oenocytoids remained constant (1%) in all stages of
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development. The rest of the blood cells, which we deemed granulo-
cytes, decreased from 87% in L1 larvae to 76% in L5 larvae. Moreover,
their ratio was dramatically decreased in newly emerged adults (22%),
then increased in older adults (48%). We also analyzed the proportion
of the blood cell subpopulations in newly emerged queens (NQ) and
drones (ND). The proportion of the hemocyte subpopulations was si-
milar to that of the newly emerged workers. These results show that our
plasmatocyte specific marker, together with the monitoring of oeno-
cytoid melanization activity is a valuable tool to analyze the changes in
the proportion of blood cell subpopulations throughout development.
The 2.28 antibody was identified as reacting with an antigen ex-
pressed specifically by oenocytoids, the honey bee melanizing hemo-
cytes. Therefore, we wanted to know if it was recognizing AmPPO
protein(Suppl. Fig. 2). AmPPO was identified in the hemolymph as a
Fig. 1. Detection of hemocyte subpopulations in the honey bee, based on their reaction pattern with mAbs. Acetone fixed larval and adult hemocytes were
stained with 4E1 (a, b), 2.28 (c, d), and 4.70 (e, f) mAb-s and anti-mouse Alexa Fluor 568 (red). Asterisks on ‘a’ mark the larval plasmatocytes. The nuclei were
visualized with DAPI (blue). The scale bars represent 20 μm. Detection was done with a Zeiss Axioskope 2 MOT epifluorescence microscope. The proportion of the
circulating blood cell subpopulations changes during ontogeny (g). The ratio of the plasmatocytes stained by anti-Hemolectin antibody (4E1) and anti-mouse Alexa
568 secondary antibody (black) in L1 (12%), L3 (14%), L5 (23%) stage larvae, in newly emerged workers (NW) (77%), in newly emerged queens (NQ) (82%), in
newly emerged drones (ND) (84%) and in older workers (OW) (51%). Oenocytoids were detected according to their melanization (white) as 1% in all castes and
developmental stages. The rest of blood cells supposedly granulocytes (grey) were assigned as 87% in L1 larvae, 85% in L3 larvae 76% in L5 larvae, 22% in newly
emerged workers, 17% in newly emerged queens, 15% in newly emerged drones and 48% in older workers. Significance was determined by unpaired Student's t-test.
Significant differences (p < 0.05) are indicated with italic letters above the columns. Values with the same italic letter are not significantly different. The numbers at
the bottom indicates the number of tested individuals. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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74.4 kDa protein (Lourenço et al., 2005; Zufelato et al., 2004). Inter-
estingly, the 2.28 antibody gave a double band corresponding to 70 and
75 kDa in Western blot analysis, corresponding to the zymogen and the
activated forms of AmPPO (Suppl. Fig. 2 a). The D. melanogaster genome
contains three prophenoloxydase (PPO) encoding genes (PPO1, PPO2
and PPO3) (Binggeli et al., 2014; Dudzic et al., 2015). PPO1 and PPO2
are produced by the crystal cells, while PPO3 is synthesized by the
lamellocytes. The PPOs are the initiators of the PPO-cascade, which
causes melanization, the rapid synthesis of melanin, which is a major
immune response of insects to infection and injury (Biedermann and
Moritz, 1898; Cerenius et al., 2008; Kanost and Gorman, 2008). We
observed that the 2.28 oenocytoid specific antibody cross reacted with
crystal cells and a subset of lamellocytes in Drosophila melanogaster
w1118 larvae (Suppl. Fig. 2 b) but did not stain hemocytes from pro-
phenoloxidase deficient PPO1Δ,2Δ,31 (Suppl. Fig. 2 c) triple mutant
larvae. From these results we suggest that the 2.28 A. mellifera oeno-
cytoid specific antibody reacts with PPO.
To reveal the functional role of the adult hemocyte subpopulations
in the phagocytosis of microbes FITC-labeled E. coli bacteria were in-
jected into adults, after which hemocytes were isolated and an indirect
immunofluorescence assay was carried out. We found that 4E1 positive
plasmatocytes (Fig. 2 a) and 2.28 positive oenocytoids (Fig. 2 b) did not
take up bacteria, while 4.70 positive granulocytes (Fig. 2 c) were
phagocytic. No alteration of hemocyte population composition was
observed after immune induction with E. coli bacteria, compared to
naïve controls (data not shown).
We observed that the proportion of phagocytic cells in the social
honey bee was much lower than in the solitary D. melanogaster (over
95%), which has only individual immunity (Rizki and Rizki., 1984).
Considering the alternative defense strategies of social insects, it is
possible that fewer microorganisms reach the body cavity of individual
bees. In fact, only a few parasites and microbes are described that affect
the honey bee cellular immune response. Spiroplasma melliferum infec-
tion results in a change in the proportion of plasmatocytes and granu-
locytes, as detected by Wright staining; while Serratia marcescens sicaria
(Ss1) infection caused a decrease in the total hemocyte number com-
pared to uninfected animals (Burritt et al., 2016; Yang et al., 2017).
In conclusion, to avoid the crisis caused by the loss of honey bees, it
is important to have a better understanding of their immune response.
Due to its social nature, a honey bee colony is often regarded as a
complex living individual, and hygienic behavior is believed to be an
important factor of its immunity. However, individual honey bees, si-
milar to other insects, defend their integrity with the help of immune
cells, therefore it is equally important to gain knowledge of their cel-
lular immune response. By employing our newly raised antibodies, we
were not only able to characterize the hemocyte subpopulations of
different castes throughout development, but also defined which sub-
populations are involved in the response against various immune
threats. Furthermore, our results help to clarify the similarities and
differences between the cellular immune responses of social and soli-
tary insects. Contrary to what was found in D. melanogaster, a much
smaller proportion of honey bee circulating hemocytes are phagocytic,
which implies that, due to its social immunity, the honey bee is less
reliant on individual immunity. Also, dissimilar to D. melanogaster, in
which special hemocytes (the lamellocytes) differentiate to isolate
larger invaders, encapsulation in the honey bee is performed by blood
cells already present in circulation (Gábor et al., 2017). According to
our findings, prophenoloxidase function is present in the honey bee,
and similar to D. melanogaster, it plays an indispensable role in mela-
nization. We believe that our newly identified markers will help to
further identify the components of cellular immunity, as well as analyze
the composition of the honey bee immune compartments.
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